We investigate quantitatively the effect of inclined and intersecting discontinuous shales on horizontal waterfloods, using generic, dimensionless two-and three-dimensional models. We focus upon whether the shales alter the sweep efficiency. We find that they have a significant effect only if they are continuous over large areas of the bedding surfaces and are steeply inclined to the flow, or if the displacement is highly unfavorable. We also find that two-dimensional simulations can significantly overestimate the effect of intersecting shales, because they assume that the shales are entirely continuous in the third dimension.
Introduction
Most clastic reservoirs contain discontinuous shales which act as barriers or baffles to fluid flow. 1, 2 These shales cannot be correlated between wells, and their likely location within the reservoir must be predicted using stochastic techniques conditioned to core and outcrop data. 1, [3] [4] [5] Their presence will clearly increase the tortuosity of fluid flowpaths, and hence decrease the effective singlephase permeability of the reservoir ͑Fig. 1a͒. 1, [4] [5] [6] [7] [8] [9] [10] However, their effect on two-phase flow is less well understood.
Studies of simple ''generic'' shale models suggest that, during immiscible displacements, oil in the vicinity of a shale is initially bypassed by the displacing fluid, and subsequently drains from around the shale driven by viscous and gravitational forces ͑Fig. 1b͒. 2, 11, 12 The initial bypassing of oil leads to early breakthrough of the displacing fluid, and if many shales are present, to disruption of the displacement front. However, if the timescale of oil drainage from around the shales is short compared to the timescale of reservoir production, the ultimate recovery of oil is unchanged. Other studies of specific outcrops suggest that oil located in the junction where two shales intersect is bypassed by the displacing fluid and remains unswept ͑Fig 1c͒. [13] [14] [15] However, these studies are based upon two-dimensional ͑2D͒ models in which shale discontinuities in the third dimension ͑3D͒ are neglected. These discontinuities may facilitate efficient sweep; 2D models generally overestimate the effect of heterogeneities. 13 The studies conducted to date have considered only a limited number of 2D shale realizations and flow regimes; for example, the generic studies of Richardson et al., 2 of Thomas, 11 and of Davies and Haldorsen 12 considered only horizontal shales and vertical displacements, in which the principal flow direction was always perpendicular to the shales, while the outcrop studies of White and Barton, 13 of Ciammetti et al., 14 and of Peihua 15 considered only a small number of specific 2D shale distributions. As yet, the effect on recovery of inclined shales, in which the principal flow direction is not perpendicular to the shales, and of variations in shale continuity in the third dimension, are poorly understood. 16 The aim of this paper is to investigate the effect of inclined and intersecting discontinuous shales on reservoir performance during horizontal waterflooding. We focus upon whether the shales significantly alter sweep efficiency, and use both 2-and 3D simulation models so that we can investigate the effect of variations in shale continuity in the third dimension. Both variations in the shale spatial properties ͑e.g., geometry, location, orientation to flow͒ and variations in the flow regime are considered.
Shale Modeling
Previous studies of discontinuous shales have used either simple, 2D generic models, in which shales are located randomly within a homogeneous background, 2, 3, [6] [7] [8] 11, 12 or detailed, 2D models of specific depositional environments derived directly from outcrop data or modern analogs. [13] [14] [15] We focused upon inclined and intersecting shales within sandbodies 16 ͑Fig. 2͒, and used generic, 2-and 3D models to describe them. The geometry of these ''intra-sandbody'' 1 shales is generally governed by the geometry of the bedding surfaces along which they were originally deposited. These surfaces may have significantly different lengthscales and dips; for example, within tidal sandbars, accretional surfaces ͑large-scale crossbeds formed as the bar builds in the direction of flow͒ are typically one to several tens of m in length and have dips of up to 10°, while the foreset surfaces of small-scale crossbeds are typically several cm's to m's in length and have dips of up to 35°. 17, 18 Along each bedding surface, the distribution of shale is governed by the dynamics of flow during deposition, the relief of the surface, and the preservation of shale after deposition. 17, 18 Typically, the shales are discontinuous; for example, preservation often occurs preferentially along the toesets of crossbeds. Consequently, the range of geometries, distributions, and lengthscales of intra-sandbody shales is very great. The aim of our geological modeling was not, therefore, to exactly reproduce complex 2D shale distributions observed in outcrop. Rather, it was to construct a range of simple, generic, 2-and 3D realizations of intrasandbody shales which nevertheless capture the essential information required to understand and quantify their effect on recovery during waterflooding.
We developed a numerical model to generate 2-and 3D realizations of discontinuous intra-sandbody shales, using a ''semistochastic'' technique. The model first specifies the geometries of horizontal or inclined planar surfaces; these surfaces represent the bedding surfaces. The model then places ellipsoid shale drapes on each surface until the target proportion of shale for that surface has been reached. The spacing and dip of the surfaces, the length and aspect ratio of the shale drapes, and the proportion of each surface occupied by shale are specified deterministically, but the shale drapes can either be placed at random upon each surface, or a trend can be applied. The shale drapes are allowed to ''overlap;'' consequently, for high target proportions of shale, complex shale geometries are obtained ͑Fig. 3͒. No other heterogeneities are included in the realizations; in order to identify and quantify their contribution, the effect of shales on recovery was investigated independently. This approach is necessary if the effect of the shales is to be understood in terms of a small number of quantifiable geometric parameters. These parameters are summarized in Table 1. be explored, the most efficient approach was to use generic, dimensionless models, the results of which are generally applicable.
The governing 3D fluid flow equations were nondimensionalized following the approach of Shook et al., 21 assuming that the model volume is horizontal, homogeneous, and isotropic, that the reservoir is water-wet, and that the relative permeabilities may be represented using the parametric form
Following the approach of Thomas, 11 capillary pressure was neglected. This limits the minimum lengthscale at which the model is valid to be greater than that over which capillary forces may have a significant effect on the flow, which is typically cm's to tens of cm's. [22] [23] [24] [25] [26] [27] [28] [29] However, it should be noted that capillary forces may act over much longer lengthscales, particularly if flow in the vicinity of the shales is locally very slow. 21 Flow was assumed to take the form of a horizontal line drive, with water injected at constant rate over one vertical face of a 3D rectangular volume, and produced at constant pressure over the opposite face. This limits the maximum length scale at which the model is valid to be less than the well spacing, because the flow is assumed to be entirely linear. Nondimensionalization yields four dimensionless parameters required to describe the flow in 3D:
endpoint mobility ratio M e ϭk rw e o /k ro e w , ͑5͒
The height and width numbers ͑N h and N b ͒ characterize the model volume, the endpoint mobility ratio (M e ) characterizes the relative mobilities of the displaced and displacing fluids, while the viscous to gravity ratio (N vg ) characterizes the relative importance of viscous and gravity forces. Dimensionless simulations can easily be scaled back into real reservoir dimensions using these parameters. Each shale realization was nondimensionalized using the characteristic lengthscale L, and the shales represented as transmissibility modifiers draped over grid block boundaries. Ideally, the grid upon which the shales were represented would have been tailored to each shale realization; however, to save time, a simple, regular Cartesian grid was used for all realizations. For 2D simulations, either 100ϫ1ϫ25 or 50ϫ1ϫ50 ͑2,500͒ gridblocks were used; for 3D simulations, 100ϫ40ϫ25 ͑100,000͒ gridblocks were used. Flow simulations were performed using the ECLIPSE 100 black oil simulator, 30 using dimensional parameters chosen to yield the appropriate dimensionless flow conditions. The distribution of injected fluid over the injection face was governed by the difference in potential between the fluid at the face and the fluid within the adjacent pore space.
Sensitivity Analysis
The effect of the shales on reservoir performance was investigated by performing a sensitivity analysis on the 10 dimensionless governing parameters ͑Table 2͒. Six of these are geometric parameters which describe the shale realizations; the remaining four are required to describe the flow regime. To explore the parameter space efficiently, some form of experimental ''plan'' was required. An approach was adopted based upon an understanding of the underlying physics.
Shale Parameters. We wished to investigate the quantity of shale required to significantly alter sweep efficiency, the importance of varying the inclination of the shales, and the effect of shale intersections ͑either with other intra-sandbody shales, or with shales defining the outer boundary of a sandbody͒. The key shale parameters of interest were, therefore, the fraction of each surface occupied by shale ( f s ), the dip of the surfaces ( s ), and whether the shales intersect. These parameters were investigated using four shale scenarios: ͑1͒ horizontal surfaces, ͑2͒ inclined surfaces with no shale intersections, ͑3͒ inclined surfaces with shale intersections allowed, and ͑4͒ inclined surfaces with shale intersections forced.
To model shale intersections ͓scenarios ͑3͒ and ͑4͔͒, the noflow top and bottom boundaries of the ECLIPSE simulation volume were used to represent horizontal shales with which the inclined shales could intersect. To model scenario ͑2͒ ͑no shale intersections͒, shale drapes were located randomly on each inclined surface and a gap then cleared at the top and base. This scenario might represent, for example, shales located along inclined accretional surfaces, which do not intersect with shales defining the outer boundaries of the sandbody. To model scenario ͑3͒ ͑shale intersections allowed͒ the shales were located randomly on each inclined surface. This scenario might represent shales located along accretional surfaces, some of which intersect with shales defining either the upper or lower boundary of the sandbody. To model scenario ͑4͒ ͑shale intersections forced͒ a trend was imposed on the location of the shale drapes, forcing them to lie near the base of the inclined surfaces and intersect with the ''no-flow'' lower boundary. This scenario might represent a tidal sandbar in which shales are preferentially located towards the base of each accretional surface, or crossbeds in which shales are preferentially preserved along toeset and bottomset surfaces.
Flow Parameters. The geometry and evolution of the waterfront during waterflooding depends upon the relative mobilities of the oil and water, characterized by the endpoint mobility ratio M e , and upon the relative importance of viscous and gravity forces, characterized by the viscous to gravity ratio N vg . For M e Ͻ1, the flood is favorable, with good sweep and displacement efficiency.
For M e Ͼ1 and N vg Ͻ1, the flood is unfavorable and gravity dominated, and segregation of the water beneath the oil leads to poor sweep efficiency and early water breakthrough. Conversely, for M e Ͼ1 and N vg Ͼ1, the flood is viscous dominated, and channeling of the water leads to poor displacement efficiency and early water breakthrough. [31] [32] [33] We investigated the effect of the shales for favorable (M e Ͻ1), unfavorable and gravity dominated ͑M e Ͼ1; N vg Ͻ1͒, and unfavorable and viscous dominated displacements ͑M e Ͼ1; N vg Ͼ1͒.
Simulations. For each shale scenario and displacement type, the effect of varying the fraction of shale ( f s ) on oil recovery ͓ex-pressed as moveable pore volumes ͑MPV's͒ of oil produced͔ after 1 MPV of water injected, and breakthrough time ͑BT͒ ͑in units of MPV injected͒ was investigated. The effect of the shales for a given displacement was quantified by measuring the change in recovery and BT between the shale model and its equivalent homogeneous model ͑i.e., the same model volume but with shales omitted͒. Zero values indicate that shales have zero effect upon the recovery or BT, positive values indicate that they cause the recovery or BT to increase, while negative values indicate that they cause the recovery or BT to decrease. The range of parameter values used is given in Table 2 . Typical values of M e and N vg for waterfloods range from 0.1 to 5; we investigated a wider range of values in order to understand both typical and extreme flooding conditions. Most simulations were performed in 2D, with flooding from left to right of the model volume; a number were also performed with flooding from right to left to investigate directional effects. Furthermore, several displacements were performed in 3D to investigate the effect of shale continuity in the third dimension.
Results
Shale Scenario "1…: Horizontal Surfaces. Fig. 4a shows the change in oil recovery ͑expressed as MPV of oil produced͒ after 1 MPV injected vs. fraction of shale f s , for shale scenario ͑1͒ ͑hori-zontal surfaces͒ and a variety of values of M e and N vg . The displacements were simulated in 2D, with flooding from left to right of the model volume. In all cases, the effect of the shales on recovery is very small, and for favorable (M e ϭ0.05) displacements, their effect cannot be resolved. The most significant change is for highly unfavorable and gravity dominated ͑M e ϭ50; N vg ϭ0.01͒ displacements with 95% shale along each bedding surface, in which case recovery is marginally improved by ϳ0.007 MPV. Fig. 4b shows the change in BT vs. fraction of shale f s for the same values of M e and N vg . Again, in all cases the effect of the shales is small, and for favorable displacements, their effect cannot be resolved. The most significant change is for highly unfavorable and gravity dominated displacements with 95% shale, in which case the BT is increased by ϳ0.012 MPV.
For favorable displacements, there is no component of flow in the vertical direction, and the presence of thin horizontal shales has no effect on either the recovery or BT. For viscous dominated displacements, any vertical component of flow due to gravity is very small, and the presence of horizontal shales has a negligible effect. However, for gravity dominated displacements there is a significant vertical component of flow, since the water segregates beneath the oil and attempts to reach vertical equilibrium; we might, therefore, expect horizontal shales to have a significant effect on the recovery or BT. Fig. 5 shows a gravity dominated displacement after 0.2 PV injected without shales ͑homogeneous͒ and with 95% shales ͑shales shown in black͒. Flooding is from left to right. Note that in both cases the displacement is clearly gravity dominated, but that the presence of the shales partitions the reservoir into layers, each with a smaller effective thickness number N h . Reducing N h decreases N vg ͑Eq. 6͒, pushing the flow in each layer towards a more gravity dominated regime. If N h ͑and hence N vg ͒ were significantly reduced, we would expect the recovery and BT to decrease, because the formation of a gravity tongue would be enhanced and lead to poorer sweep efficiency and earlier water breakthrough. [31] [32] [33] [34] The observed increase in recovery and BT is a numerical artifact, caused by poorer resolution of the gravity tongues within each individual layer ͑see also the Discussion section͒. Fig. 6a shows that, for favorable (M e ϭ0.05) displacements and moderately unfavorable (M e ϭ5) displacements, the shales have a negligible effect on recovery ͑maximum change in oil recovery of Ͻ0.005 MPV͒. For highly unfavorable displacements (M e ϭ50), recovery slightly decreases with increasing shale fraction for viscous dominated flows ͑maximum change ϳ0.009 MPV͒, and increases with increasing shale fraction for gravity dominated flows ͑maximum change ϳ0.035 MPV͒. Fig.  6b shows the corresponding change in BT vs. fraction of shale f s . Again, for favorable and moderately unfavorable displacements, the shales have a negligible effect on the BT (Ͻ0.005 MPV). For highly unfavorable displacements, the BT decreases with increasing shale fraction for viscous dominated flows ͑maximum change ϳ0.01 MPV͒, and increases with increasing shale fraction for gravity dominated flows ͑maximum change ϳ0.1 MPV͒. Fig. 7 shows a favorable displacement after 0.8 MPV injected, with 95% shales. In Fig. 7a flooding is from left to right; in Fig.   7b flooding is from right to left. Note how efficiently the water sweeps the region in the vicinity of the shales. The sweep is efficient because there is a significant component of flow along the top and base of the shales ͑Fig. 8͒; consequently, even for moderately unfavorable displacements no oil is bypassed. However, for the highly unfavorable, viscous dominated displacement, sweep around the shales is less efficient, so the recovery and BT are slightly reduced. Fig. 9a shows a highly unfavorable, gravity dominated displacement after 0.2 MPV injected, with 95% shales. Flooding is from right to left ͑updip͒. Note how the sweep efficiency is increased compared to the homogeneous case ͑Fig. 5a͒, because, as expected, water flows up and over the shales. Fig. 9b shows the same displacement in the downdip direction. Perhaps surprisingly, rather than being forced downward, water again flows up and over the shales. This upward flow of water occurs because the gap between the inclined shales and the horizontal lower shale boundary cannot accommodate the lateral flow, so the vertical pressure gradient is pushed out of hydrostatic equilibrium. The results of refined grid runs indicate that this is not a numerical artifact. In both updip and downdip displacements, upward flow of water occurs only if the gap at the base of the inclined shales is less than the thickness of the water tongue ͑Fig. 5a͒.
Steep Dip " s Ä35°…. Fig. 10a shows the change in recovery vs. fraction of shale f s for shale scenario ͑2͒ ͑inclined surfaces, no shale intersections͒ with a steep dip of s ϭ35°and a variety of values of M e and N vg . The displacements were simulated in 2D, with flooding from left to right. Recovery decreases with increasing shale fraction, with a sharp fall between f s ϭ0.8 and 0.95 ͑maximum change ϳ0.037 MPV͒, except for the highly unfavorable, gravity dominated displacement ͑M e ϭ50; N vg ϭ0.01͒, in which recovery increases with increasing shale fraction ͑maxi-mum change ϳ0.025 MPV͒. Fig. 10b shows the corresponding change in BT vs. fraction of shale f s . For favorable and viscous dominated displacements, the BT decreases with increasing shale fraction, again with a sharp fall between f s ϭ0.8 and 0.95 ͑maxi-mum change ϳ0.11 MPV͒. For gravity dominated displacements, the change in BT is negligible for the moderately unfavorable case, but increases with increasing shale fraction for the highly unfavorable case ͑maximum change ϳ0.08 MPV͒. Fig. 11 shows a moderately unfavorable, viscous dominated displacement after 0.8 MPV injected, with 95% shales. Note the bypassed oil in the vicinity of the shales. The sweep around these steeply dipping shales is less efficient than around the moderately dipping shales, because the component of flow along the shales is lower. Moreover, the recovery and BT fall steeply between f s ϭ0.8 and 0.95, because the effective length of the shales increases rapidly over this interval. The effective length of the shales increases because gaps in the middle of the shales become scarce as the fraction of each surface occupied by shale tends towards f s ϭ1; only the gaps at the top and base of each surface remain, and there are imposed to ensure that the shales do not intersect. Increasing the effective length of the shales causes increased bypassing of oil.
Shale Scenario "3…: Inclined Surfaces, Shale Intersections Allowed. Fig. 12a shows the change in recovery vs. fraction of shale f s for shale scenario ͑3͒ ͑inclined surfaces, shale intersections allowed͒ and a variety of values of M e and N vg . The displacements were simulated in 2D, with flooding from both left to right ͑downdip͒ and right to left ͑updip͒. Only the downdip results are shown because the difference between flooding downdip and updip was negligible. Recovery decreases with increasing shale fraction ͑maximum change ϳ0.06 MPV͒, except for the highly unfavorable, gravity dominated displacement ͑M e ϭ50; N vg ϭ0.01͒, where recovery generally increases with increasing shale fraction ͑maximum change ϳ0.02 MPV͒. Fig. 12b shows the corresponding change in BT vs. fraction of shale f s . The BT decreases with increasing shale fraction ͑maximum change ϳ0.07 MPV͒, except for the highly unfavorable, gravity dominated flow regime, where the BT generally increases with increasing shale fraction ͑maximum change ϳ0.09 MPV͒. Fig. 13 shows a favorable displacement after 0.8 MPV injected, with 95% shales along surfaces dipping 10°; flooding is from left to right in Fig. 13a and from right to left in Fig. 13b . Note that oil is clearly bypassed behind inclined shales which intersect the horizontal lower shale boundary. Not all shales cause bypassing because not all shales intersect. Despite the oil bypassed behind the intersecting shales, recovery increases with increasing shale fraction for the highly unfavorable, gravity dominated displacement, because water flows up and over both the intersecting and nonintersecting shales. For this particular shale geometry and flow regime, the increase in oil recovered from the top of the reservoir exceeds that bypassed behind the intersecting shales.
Shale Scenario "4…: Inclined Surfaces, Shale Intersections Forced. Fig. 14a shows the change in recovery vs. fraction of shale f s for shale scenario ͑4͒ ͑inclined surfaces, shale intersections forced͒ and a variety of values of M e and N vg . The displacements were simulated in 2D, with flooding from left to right. Recovery decreases with increasing shale fraction ͑maximum change of ϳ0.15 MPV͒, except for the highly unfavorable, gravity dominated displacement ͑M e ϭ50; N vg ϭ0.01͒, where recovery generally increases with increasing shale fraction ͑maximum change of ϳ0.02 MPV͒. Note that the favorable and viscous dominated curves are difficult to distinguish. Fig. 14b shows the corresponding change in BT vs. fraction of shale f s . The BT decreases with increasing shale fraction ͑maximum change of ϳ0.15 MPV͒, except for the highly unfavorable, gravity dominated displacement, where the BT generally increases with increasing shale fraction ͑maximum change of ϳ0.07 MPV͒. These results are similar to those obtained in shale scenario ͑3͒ ͑shale intersections allowed͒; generally, the recovery and BT are reduced in this scenario because more of the inclined shales intersect the lower shale boundary and cause bypassing of oil. 3D Simulations. Fig. 15 shows the change in recovery and the change in BT vs. fraction of shale f s obtained using both 2-and 3D models of shale scenario ͑3͒ ͑inclined surfaces, shale intersections allowed but not forced͒. Note that the 2D models overestimate the impact of the shales on both the recovery and BT by more than a factor of 3 in most cases. This can be explained by inspecting a typical 3D realization of shale scenario ͑3͒ ͑Fig. 16a͒. In most cases, gaps occur near the base of the inclined shales and permit efficient sweep from around those shales even when they intersect the horizontal lower shale boundary ͑Fig. 17͒. Essentially, the shales are not continuous in the third dimension, and trapping occurs only behind those shales which are ͑i.e., those with no gaps͒. Consequently, sweep is much more efficient in the 3D models than in the 2D models, and the 2D models overestimate the effect of the shales on reservoir performance.
The importance of shale continuity is confirmed by the results of 3D simulations of shale scenario ͑4͒ ͑inclined surfaces, shale intersections forced͒. The results of the 2-and 3D simulations are very similar, because the intersecting shales are continuous in the third dimension ͑Fig. 16b͒.
Discussion
The results presented in this study indicate that under most flooding conditions, isolated, discontinuous, intra-sandbody shales will have negligible effect on recovery during waterflooding, unless the bedding surfaces are steeply inclined to the flow and the shales are continuous over large areas of the bedding surfaces. In favorable displacements, isolated shales had little effect on recovery unless the bedding surfaces were steeply inclined ( s Ͼ10°), and the shales were continuous over large areas (Ͼ95%) of the bedding surfaces. In unfavorable displacements, isolated shales again had little effect unless the displacement was highly unfavorable (M e Ͼ5), or the bedding surfaces were steeply inclined and the shales occupied Ͼ50% of the bedding surfaces. These findings are in agreement with those of Thomas, 11 who found that, for favorable, vertical waterfloods and horizontal shales, it was ''surprisingly difficult'' to bypass oil behind the shales. If the unfavorable displacements were viscous dominated, the effect of the shales, if not negligible, was to reduce recovery. In most displacements, the results were not significantly dependent upon the flooding direction.
In all displacements, intersecting shales had a significant effect on recovery in the 2D simulations; however, the 2D simulations are valid only if the ''discontinuous'' shales are entirely continuous in the third dimension. Comparison between 2D and 3D models demonstrated that only small discontinuities in the third dimension facilitate efficient sweep around intersecting shales, especially if the displacement is favorable. This confirms that 2D models can significantly overestimate the effect on recovery of intersecting shales; the results of 2D simulations which include intersecting shales should therefore be treated with caution. It also suggests that discontinuous, intersecting shales will often have no greater effect on recovery than discontinuous, isolated shales.
The importance of properly modeling intersecting shales is demonstrated in a study of point bars undertaken by Peihua. 15 He used a simple 2D model to represent a point bar, similar in some respects to those presented in this study, in which inclined shales located in the upper part of the bar intersect with ''shale'' defining the upper ͑no-flow͒ boundary of the model. As expected, he found that oil located in the junction between the inclined shales and the upper boundary was bypassed during horizontal waterflooding. Based upon this, he proposed improving sweep efficiency by injecting a mixture of water and gas rather than just water; gravity forces move the gas vertically into the junction between the shales, sweeping the oil bypassed by water. However, his conclusions might be significantly different if the inclined shales did not intersect the upper shale boundary continuously in the third dimension: the oil might then be swept by water alone.
The effect on recovery of the discontinuous shales modeled in this study is often negligible because, in the majority of cases, the shales are not steeply inclined to the flow; consequently, water sweeps efficiently along the top and base of the shales. Moreover, the characteristic length of the shales is much less than that of the reservoir; consequently, the timescale of sweep around the shales is short compared to the timescale of sweep through the reservoir. This indicates that, especially in favorable displacements, discontinuous, intra-sandbody shales will have a negligible effect on recovery during horizontal waterfloods beyond reducing the effective single-phase permeability of the reservoir. However, it should be noted that, in this study, heterogeneities other than the shales are neglected, and the shale distributions modeled are very simple. It is possible that interaction of the shales with other heterogeneities, or more complex shale distributions, may have a greater effect on recovery. Moreover, it should be recalled that capillary pressure was neglected. Capillary forces may increase the effect of the shales on recovery by causing oil to be trapped in their vicinity. [22] [23] [24] [25] [26] [27] [28] [29] One notable exception to the negative or negligible effects observed in the majority of displacements was for highly unfavorable (M e Ͼ5), gravity dominated displacements, in which the isolated shales had a significant positive effect on recovery. This was because the gap between the base of the inclined shales and the underlying shale boundary was narrower than the water tongue; consequently, the displacing water was forced up and over the inclined shales, which increased the efficiency of the sweep. This effect was observed whether the flood was downdip or updip with respect to the shales. In the reservoir, it might happen if, for example, inclined, intra-sandbody shales along accretional surfaces were close to the lower boundary of the body and the lower boundary of the body were defined by shale; however, the mobility ratio of the fluids would have to be extremely high, and the viscous-to-gravity ratio extremely low.
As in all simulation based studies, the accuracy of the results presented in this study depends upon the accuracy of the numerical techniques used to obtain them. The accuracy of the fully implicit finite difference technique used 30 depends primarily upon whether the resolution of the simulation grid is sufficient to properly resolve changes in saturation adjacent to the shales, resolve the water tongue formed during gravity dominated displacements, and avoid introducing significant numerical diffusion. 37 Refining the grid in the vicinity of a shale may lead to an increase in the predicted bypassing of oil. 38 Previous studies have used simulation grids with between one and nine gridblocks between each shale. 2, 11, 12 In this study, the simulation grid contained between 5 and 14 gridblocks between each shale; 5 for the horizontal shales, 7 for the steeply inclined shales, and 14 for the shallowly inclined shales. For the horizontal shales, numerical effects due to the grid resolution were greater than the physical effect of the shales on a highly unfavorable, gravity dominated displacement, since five gridblocks were not sufficient to properly resolve the gravity tongue between each shale. 36 However, for the inclined shales, the effect of varying their dip was clearly greater than any numerical effects due to the grid resolution: decreasing their dip from 35°to 10°led to a decrease in bypassed oil, even though the number of gridblocks between each shale doubled. It is nevertheless possible that significantly refining the grid in the vicinity of the shales might lead to an increase in the predicted bypassing of oil. Note also that the finite difference scheme uses only a five-point stencil ͑in 2D͒ rather than a nine-point stencil; 30 this may introduce an error in the vicinity of the shales. Fig. 6a shows the water saturation distribution for the highly unfavorable, gravity dominated displacement in the absence of shales, predicted by numerical simulation. Also shown is the interface between mobile oil and the underlying mobile water tongue, estimated using an expression given by Dietz:
͑ ͱM e t/xϪ1 ͒.
͑7͒
Allowing for the assumptions made in deriving Eq. 7, the position of the interface predicted by simulation may be compared with that predicted analytically to ensure that the simulation is properly resolving the gravity tongue. Fig. 6a shows that, close to the injection end, the match is poor; this is partly because Eq. 7 is derived assuming that the inclination of the initial water/oil interface is small, and partly because numerical simulators do not always resolve changes in saturation properly during two-phase flow if the phases are moving in opposite directions. However, close to the middle of the model, away from injection and production end effects, the match between simulated and analytic solutions is good. Note that, in the case of the inclined shales, the thickness of the water tongue predicted analytically is greater than the thickness of the gap at the base of the shales ͑Fig. 9͒; consequently, vertical flow of water up and over the shales would still be expected.
Numerical diffusion acts to ''smear out'' sharp changes in saturation. For favorable displacements, a sharp change in saturation is predicted at the displacement front; if numerical diffusion is significant, then this sharp change in saturation will not be reproduced in the numerical solutions and early water breakthrough will be observed. 37 For the favorable displacement in the absence of shales, water breakthrough occurred after 0.996 MPV injected; this indicates that numerical diffusion does not have a significant effect.
Conclusions
We have investigated the effect of inclined, and intersecting, discontinuous intra-sandbody shales on reservoir performance during horizontal waterflooding using simple two-and three-dimensional generic models. We focused upon whether the shales significantly alter sweep efficiency, and considered both variations in the shale spatial properties and variations in the flow regime. Our principal findings are the following.
The effect on recovery of discontinuous shales depends upon the mobility ratio of the oil and water and upon the dominant forces acting.
Under most flooding conditions, isolated shales are likely to have a negligible effect on recovery beyond reducing the effective single-phase permeability of the reservoir, unless the bedding surfaces are steeply inclined to the flow and the shales are continuous over large areas of the bedding surfaces.
Two-dimensional models can significantly overestimate the effect on recovery of intersecting shales, because they assume that the shales are entirely continuous in the third dimension; the results of 2D simulations which include intersecting shales should therefore be treated with caution. Moreover, discontinuous, intersecting shales may often have no greater effect on recovery than discontinuous, isolated shales.
In highly unfavorable, gravity dominated displacements, isolated shales may have a significant positive effect on recovery if they are located close to the lower boundary of a sandbody and if the lower boundary of that body is defined by shale. 
